Ten patients who use the Inetaid cochlear implant were tested on a consonant identification task. The stimuli were 16 consonants in the "aCa" environment. The patients who scored greater than 60 percent correct were found to have high feature information scores for amplitude envelope features and for features requiring the detection of high-frequency energy. The patients who scored less than 60 percent correct exhibited lower scores for all features of the signal. The difference in performance between the two groups of patients may be due, at least in part, to differences in the detection or resolution of high-frequency components in the speech signal. 
The most apieal electrode is located about 22 mm from the round window. The electrodes are spaced at 4-mm intervals. The four, most apical, electrodes are activated in most patients. Given the depth of insertion of the electrodes and their spacing, the bandpassed input to each electrode may be a half octave or more lower in frequency than the corresponding place of cochlear stimulation (the difference in input frequency and cochlear place of stimulation will vary, of course, as a function of the depth of electrode insertion for each patient).
Coding of consonant information. Information about consonant identity exists in the time, amplitude, and frequency domains of the acoustic signal. The Ineraid can encode information in these domains with varying degrees of fidelity. 
A. Envelope cues
If time-intensity (or envelope) information is transmitted with fidelity by the Ineraid, then certain manner distinctions among consonants should be well marked. In a vCv environment, stop consonants are marked by a period of relative silence. If the nature of the input signal were the only constraint on recognition (and not the status of a patient's peripheral auditory system), then stop consonants should not be confused with semivowels, nasals, or fricatives. By similar logic, the affricate, or stop-initiated fricative,/tJ'/ should not be confused with other fricatives.
Envelope information could also contribute to the distinction between voiced and voiceless stop consonants (see, for example, Van Tassel et al., 1987). The amplitude envelope for voiced stop consonants is characterized by a rapid rise time following the release burst. The amplitude envelope for a voiceless stop is characterized by a relatively prominent, release burst/affrication segment followed by relatively long, low-amplitude, aspirated segment before voicing onset. In a vCv environment, voiced stops are characterized by the presence of a low amplitude, voicing signal during the period of stop closure. Voiceless stops are characterized by a period of silence during closure. The closure interval is commonly longer for voiceless stops than for voiced stops.
Finally, envelope cues aid in the identification of/f0/, on the one hand, and/sJ'/, on the other. The two pairs of voiceless fricatives are normally marked by large differences in the amplitudes of the fricative noises--/f0/can be 15 dB less intense than/sJ'/, which, in turn, may be 5-10 dB less intense than an accompanying vowel. If the amplitude of/s/ is attenuated to a level appropriate for/0/, then normalhearing listeners report/0/or/f/. If the fricative noises are not heard at all, then, commonly, the hornorganic stops are reported (Harris, 1956 ).
B. Frequency cues
As we noted above, resolution of cues in the frequency domain is constrained by the upper limit of temporal coding and by the number of electrodes that can provide information about place of cochlear stimulation. Most generally, these constraints will limit the resolution of cues to place of articulation. As a consequence, we should expect that information about place will be transmitted with less fidelity than information about manner or voicing.
The amount of information transmitted about place of articulation should vary'with the manner of articulation because the nature of the acoustic cues to place vary with manner. For example, the distinction between/s/and/I/may be relatively easy to encode since the "sh"-noise (Which, for the male voice, has energy extending from approximately 2500 Hz to greater than 4000 Hz) should provide current to electrodes #3 and #4, while the "s"-noise (which has a higher "low-frequency" cutoff) should provide maximal current to electrode #4. The cues to nasal place of articulation should be more difficult to encode. One acoustic cue, the frequency of the nasal resonance, differs little between/m/, /n/, and/rj/. The other cue, the onset frequency and direction of change of the second and third formant transitions, must be encoded by the relatively coarse-grained mechanism of levels of current at electrodes #2, #3, and #4.
The acoustic cues for stop consonant place of articulation should be difficult to encode. Given only three electrodes to encode formant onset frequency, resolution of the onset frequency off 2 and F 3 should be very poor. However, if the peak energy in the release burst can be resolved, then an above-chance level of identification should be possible. The spectral peak for labial bursts can be as low as 1.2 kHz, while for alveolar bursts the peak energy can be in the 3.4-to 4-kHz region. This difference in onset frequency should be encodable by the three electrodes in the l-to 4-kHz region (see Dorman et aL, 1988). The spectral peak for velar bursts, depending on vowel context, will span the frequency range of the spectral peaks for labial and alveolar bursts.
C. Study aims
The aim of the experiment reported here was: (i) to assess consonant recognition by ten patients who achieved relatively high scores on tests of word recognition; (ii) to infer from the consonant confusions the acoustic features used to identify consonants; and (iii) to quantify the information transmitted by amplitude envelope cues and spectral cues using the features and method of analysis proposed by Van The subjects' word recognition scores in sentence context (the CID Everyday Sentences administered "live voice") ranged from 66-100 percent correct; spondee recognition scores ranged from 60-100 percent correct; and the isolated word recognition (NU-6) scores ranged from 16-74 percent correct. The spondee and word recognition tests were administered via tape recordings.
B. Stimuli
The stimuli were 16 aCa disyllables produced by the first author. The consonant set included/b d g p t k s j' 0 t j'm n z y w !/. The stimuli were filtered at 9.7 kHz, digitized at a 20-kHz sampling rate and stored in computer memory. The vocalic portions of the 16 disyllabes were edited to have similar amplitude and duration characteristics. The consonantal portions differed in amplitude, duration, and spectral content.
Eight tokens of each stimulus were created. The stimuli were randomized with a 3-s interstimulus interval and, after filtering at 9.7 kHz, were recorded on audio tape.
C. Procedure
The listening tests were conducted in a sound-attenuating booth. The subjectg gat approximately 1.5 m from a loudspeaker with the microphone of the sound processor oriented toward the loudspeaker. Each subject's signal processor was set so that the compression knee-point of the AGC was similar. The signals were routed from the tape deck through an amplifier to the loudspeaker. Signal presentation level was 75 dB SPL (C-weighted) referenced to peak vowel level.
To familiarize the subjects with the speaker's voice, each listened first to three repetitions of the 16 stimuli. The identity of the signals was indicated on the printed answer sheet. The test sequence was then presented.
D. Information transmission analyses
The consonant confusion matrices were analyzed using the features and method described by Van Tassel et al. The mean score on the consonant identification task, averaged over all subjects, was 58 percent correct. Individual scores ranged from 49-81 percent correct. The scores were not uniformly distributed over this range. Three subjects achieved scores of 65 percent correct or greater (range ----65-81 percent correct; mean = 70 percent correct). The confusion matrix for these "better" subjects is shown in Table II . Seven subjects achieved scores equal to or less than 57 percent correct (range = 49-57 percent correct; mean = 53 percent correct). The confusion matrix for these "poorer" subjects is shown in Table III .
A. Measures of information transmission
The results of the information transmission analyses are shown for the better and poorer subjects in Tables IV and V. Inspection of the unconditional scores indicates that for the better subjects the scores ranged from 50 percent (for sibilance) to 90 percent (for burst envelope). For the poorer subjects, the scores ranged from 24 percent (for sibilanee) to 66 percent (for burst envelope). For both groups, envelope feature scores tended to be higher than scores for the other features. The better subjects received about 30% more information than the poorer subjects for the features burst envelope, Visual inspection of a confusion matrix can often provide insights into perceptual cues that feature analytic studies cannot. We turn now to the confusion matrices with a view toward the nature of the errors in identification.
I. Better subjects
Inspection of the confusion matrix for the better subjects indicates that stop manner and affricate manner were recognized essentially without error. This is not surprising given the distinctive acoustic signature of stop manner. Nasal manner and semivowel manner were relatively well recognized. Manner errors for both classes were, most generally, signals that shared the characteristic of a relatively high, intervocalie amplitude, and a low frequency F 1; i.e., errors for/wl/were predominatly /ran/ and eisa oersa.
Stop place was relatively well identified. For the voiced stops, errors were limited to/dg/. For the voiceless stops, errors were seen at each place of articulation. However, the mean percent correct score was relatively high (73%).
Identification accuracy for semivowel place of articulation was variable. The semivowel with the highest F2/F3 onset frequencies--/y/--was well identified (but was also the semivowel with the greatest number of false positive responses). Of the two remaining semivowels in the set,/1/, with the higher F2 onset, was better recognized than/w/. The semivowel/w/was confused with other signals having a prominent low-frequency onset, i.e.,/mnl/. Nasal place of articulation was not well identified (mean = 57 percent correct).
The relatively intense frieatives /st/ were identified with near perfect accuracy. The weak frieative/0/was not well identified. The error responses were divided between signals with fricative energy (/sz/) and signals without fricative energy (rod/). Finally,/z/was not well identified. Some of the error responses shared the feature of having hiss or aspiration excitation (/0 k/), while others did not (fodmy/).
Poorer subjects
Inspection of the confusion matrix for the poorer subjeers suggests that these subjects differed little from the better subjects in response to the cues for stop and affrieate manner. The fricative/J'/was also identified as well by the poorer subjects as by the better subjects.
The poorer subjects made more errors in voicing for voiced stops, made more place errors for stops, made more manner errors for nasals, and had greater difficulty identifying frieatives with high-frequency components, i.e.,/s/and /z/. Error responses for/s/were spread over many signals, some containing no aspiration or frication (/bdgml/). Error responses for/z/were confined largely to/w/.
C. Consonant recognition and word recognition
Table VI displays the score for each patient on the test of consonant recognition and on the three tests of word recognition (monosyllabic words, spondees, and words in sentences}. The correlations between scores on the consonant recognition task and scores on the tests of word recognition were 0.87, 0.57, and 0.36, respectively. Thus, as we might expect, consonant identification scores best predict scores on the most difficult word test. However, the size of the population sample in the present study was very small. Therefore, the correlations among test scores must be regarded with caution.
D. Discussion
In the Introduction we suggested that phonetic features which are signaled by distinctive acoustic waveforms, e.g., stop manner of articulation and stop consonant voicing, should be well marked in the signals presented to our subjccts. As a consequence, we expected to find relatively few errors of stop manner and voicing. This was the case for the three best subjects and was, to a lesser degree, the case for the remaining seven subjects. In the Introduction we pointed out that/O / is characterized by very-low-amplitude fricative noise. The error analysis of the responses of both better and poorer patients revealed some errors---/b/and/d/--which suggest that the low-amplitude noise was not heard at all, or was perceived as low-amplitude voicing. Another error response--/s/--suggests that in other instances the noise was heard, but was perceived as a relatively high-amplitude fricative. Both errors suggest difficulties in maintaining an appropriate level of frieative amplitude relative to the following vowel.
We also pointed out in the Introduction that, most generally, identification of place of articulation should be difficult because of the coarse quantization of frequency allowed by three places ofeoehlear stimulation in the F2/F 3 frequency domain. Moreover, we suggested that place errors might 
E. The importance of high frequencies
One hypothesis to account for the difference in recognition between the better and poorer subjects is that the detection and/or resolution of high-frequency components of the signal differed between the subjects. Inspection of the confusion matrices indicates that the better subjects were able to discriminate between/s/and/J'/with near perfect accura- 
F. Improving patient performance
The data reported here suggest that the better subjects effectively used amplitude envelope cues for consonant recognition. For these subjects, the largest increment in consonant recognition scores may come from increasing the resolution of cues in the frequency domain. The poorer subjects, on the other hand, did not use either envelope or frequency information effectively. This may be due, at least in part, to the absence of high frequencies in the auditory representation of the signal. If our supposition is correct, then better consonant recognition might be obtained by encoding highfrequency energy in a different manner than usual, perhaps by routing high-frequency information to more basal electrodes with a higher place pitch, by increasing the number of channels that carry high-frequency information, or by reducing the electrical interaction among high-frequency channels by using a nonsimultaneous excitation scheme (see, for example, Wilson et al., 1990 ).
